The turbulent structure of the atmospheric boundary layer above the ocean was inves-
Introduction
There are many reports of experimental studies of atmospheric turbulence, but there are few reports of studies with respect to the space correlation in the field. The latter study was started by Cramer (1960) and Davenport (1961) . Cramer analized the data of extensive diffusion experiments at O'Neil and investigated the horizontal scale of velocity fluctuations over the ground.
Davenport indicated the similarity on the vertical coherence of horizontal wind. Shiotani (1969 and 1975) observed gusty winds such as typhoons over a long period at a 150m observation tower on the coast, and investigated the features of land and sea breezes, the vertical profile of space correlation coefficient and eddy slope.
Additionally analyzing the data obtained by measurements of wind velocity at several 40m towers, Shiotani et al. (1976) reported that the horizontal correlation coefficient decays exponentially with the distance but does not often become zero at a distance of 190m, and discussed the intensity of turbulence and the spacetime scale of eddies. Naito and Kondo (1974) simultaneously measured horizontal winds at several points arrayed in the horizontal or vertical plane around an observation tower above the ocean, and obtained the empirical formulas of coherence and the vertical phase with the analysis of space correlation. These results show that the vertical and lateral coherences decay exponentially with the frequency, and their decay parameter depends on the distance between two measured points.
As based on the observations of Shiotani et al. (1976) , Iwatani (1977) confirms the dependency of coherence on the distance indicated by Naito and Kondo (1974) , and proposes a 2-dimensional form of decay parameter.
The correlation coefficient and the coherence in the surface layer depend on atmospheric stability.
In particular, horizontal coherence may be much more dependent on the stability parameter compared with vertical coherence. Pielke and Panofsky (1970) computed vertical coherence from data obtained by other observers, and showed the exponential decay parameter as a function of stability. According to Ropelewski et al. (1973) horizontal coherence showed the relation of the decay parameter to the Richardson number and the windanemometer line angle on the figure. For a special observed example, Mizuno (1976) reports the experiment with two tethered balloons. He measured the space-time correlation of vertical wind velocity with the streamwise direction in the layer from 200 to 400m high. Brook (1975) attempted an analysis of vertical coherence of horizontal wind in the urban boundary layer.
There are few reports of field experiments with regard to the space correlation of air temperature fluctuations. This may be because the study in connection with the space correlation of air flow has progressed together with development in wind engineering. But the eddy of thermal turbulence has the important characteristics about the structure of the boundary layer, and its spatial features should be sufficiently calculated.
The aim of the present study is to clarify the turbulent structure of the atmospheric boundary layer above the ocean, by an experiment in which wind vectors and air temperature are measured at several points in the open sea. Discussions with regard to the turbulent statistics and the vertical flux transport are already made in the previous report of Naito (1978) , and the spatial correlation of turbulence is analyzed from the same experimental data in the present paper.
Experiments at the observation tower in the open sea
Experimental measurements of the turbulent boundary layer above the sea surface were made at a marine observation tower at a point 1km distant from the seashore of Hiratsuka coast in Sagami Bay. The top of the tower is 20m above the mean sea level.
The disturbed wind field around the tower was determined by direct observation and model testing by use of a quick-response three-cup anemometer (Kondo and Naito, 1972) . The position of sensors was decided in the most suitable condition of wind direction with reference to this study.
Wave-induced wind fluctuations occur in the atmospheric layer adjacent to the sea surface (Kondo et al. 1972) , but the present purpose is the investigation of turbulent structure in the boundary layer without the interference between wind and waves. However in several runs this interface was investigated by using a electriccapacitance type wave gauge which was fixed at the position of a sonic anemometer (Naito, 1978) . The height of the lowest sensor was 2.5m above the mean water surface, and turbulence below this level was not measured. Accordingly, the fluctuating components of the wind field were measured in the range of heights from 2.5 to 15m and within a horizontal separation of 19m.
Wind vectors were measured by using a couple of sonic anemometers (Kaijo Denki, Model PAT-311). Temperature fluctuations were measured by means of a small cupper-constantan thermocouple 0.08mm in diameter.
Mean air temperature was measured by using a platinum-wire resistance thermometer at a height of 10m. Additionally the same kind of thermometer was floated on the sea surface to obtain the water temperature: the averaged value at the layer of about 4cm below the surface.
A schematic view of the array of various sensors around the tower is shown in Fig. 1 . Mean observed values of air and water temperatures were recorded by analogue recorder in this experiment.
Fluctuating components were digitalized at the tower, transmitted by an on-line computation system to the laboratory on land and processed by the statistical analysis technique. Each run of observation was 1,600sec in duration; several runs were successively obtained. The sampling time was usually 0.1sec.
Theoretical considerations
3.1 Cross-correlation in a three-dimensional space The spatial scale of eddies can be estimated by the simultaneous measurement of turbulent fluctuations at several points set out in the stationary boundary layer. Space correlation function between fluctuations at two points is defined as:
where *A(t) and *B(t) are the fluctuating components at the points A and B respectively, l is the distance between A and B, and * is the lag time.
The overbar denotes time-average. The correlation coefficient is decided as R*(l, *m) at the lag time *m which gives the maximum cor- where P*A(n) and p*B(n) are the power spectra at the points A and B respectively, and Co(n) and Q(n) are the co-spectrum and quadrature spectrum respectively. *(l, n) is called the coherence which expresses the space correlation of eddy with frequency in the turbulent field; *(l, n) represents the phase spectrum.
The correlation function can be rewritten by using the coherence and the phase spectra as where kH is the decay constant, U10 the mean wind speed at the height of 10m, and 13 the vertical distance. The above formula represents a kind of similarity in the boundary layer, and is usually called Davenport's geometric similarity. But as pointed out in many experimental results (Shiotani, 1969; etc.) , the scatter of kH is very large, so (3.4) cannot be accepted as a good approximation of the eddy coherence. Considering this weak point, Naito and Kondo (1974) assume that the coherence is not a function of nl3/U10 but only decays exponentially with n. Presidently we generalize this assumption and try to formulate the coherence in 3-dimensional space.
The coherence *ij(lj, n) of the i-component in the j-direction of turbulent field can be written as:
Note that, when *=*(l, n)/2*n in Eq. (3.3), R*(l, *) has the maximum value. Naito and Kondo (1974) indicate that the decay parameter non-dimensionalized by U10 and z is a unique function of the distance non-dimensionalized by lj and z. We accept these characteristics for three components of wind velocity, and propose the following function; (Naito and Kondo, 1974) . Then the generalized form of phase spectrum can be obtained by using the following relation Where Bij and qj are universal constants, and qj is assumed to be a unique function of direction in space. Finally substituting (3.9) into (3.8), we have the characteristic equation which represents the similarity law as well as (3.7):
Here Aij and pj are universal constants. pj is assumed to be uniquely decided with the direction of 3-dimensional space and is independent of turbulent components.
Note that in the vertical coherence the height z of (3.6) is the center between two levels and the mean velocity U is the average value of the speed at each level. From (3.5) and (3.6), we have:
The right-hand side representation is made up of non-dimensional frequency nz/U and non-dimensional distance lj/z, and therefore gives the similarity law of turbulence in the boundary layer. Then (3.7) can be considered as the appropriate expression of the coherence, and can be regarded as the extension of the similarity theory which is represented by Panofsky and McCormick (1960) and Gurvich (1960) . Ropelewski et al. (1973) made a formulation of the coherence in 3-dimensional space based on Davenport's similarity. Their formula corresponds to the special case which is given by pj=1 on (3.7), so that is included in our expression.
We can formulate the phase spectrum *ij(lj, n) of the i-component in the j-direction as well as the coherence. However the validity of phase representation should be limited within the frequency range where the corresponding coherence is effective.
We assume that the phase shift increases linearly with the frequency; where cij denotes the gradient parameter of phase shift which may have the analogous features to
In the vertical phase delay, we deal with z and U under the same conditions as in (3.7). We may consider that air temperature fluctuations have different spectral behaviours from wind fluctuations in high frequencies which include the inertial subrange, but that large turbulent eddies of temperature behave like those of horizontal wind. Thus we suppose that the coherence and the phase spectrum of temperature can be analyzed by the same method as in those of wind velocity under near neutral stability of atmosphere. Note that (3.5), (3.6) and (3.7) are applied for temperature coherence, and that (3.8), (3.9) and (3.10) are also applied for temperature phase shift. Hereafter the index i=0 denotes the temperature component.
Experimental results and discussions

Space correlation coefficient profile
The spatial correlations of turbulent eddies will next be estimated from the simultaneous data of wind vectors and air temperatures measured at the 3-dimensional array of sensors. First the vertical correlations of 3 componts (u, *, w) of wind velocity and of air temperature * are investigated. Fig. 2 shows the correlation coefficient R*(l3, * m) of wind vector against U in two cases of different l3. In the upper part of the figure z= 597cm at l3=91cm, and in the lower z= 890cm at l3=746cm.
There appears to be no obvious dependency on the mean wind speed from the figure although there exist a little variations of observed values. Shiotani (1975) reports that in the observation of strong winds of U from 17m/s to 32m/s the correlation coefficient of horizontal wind does not depend on the mean wind speed. These results accept the premise that the vertical correlation in the surface layer is independent of the mean wind speed Fig. 3 implies that the correlation of air temperature is stronger than that of wind velocity. We cannot estimate the whole feature of the vertical profile, because the large vertical difference is irrelevant to the structure of the sea surface layer.
The maximum time delay *m of space correlation is small in the surface layer, and is within 2.0sec for all components under the present observational conditions of z<15m.
Therefore we have not vertical profile of *m, but can find out that *m of * component is usually larger than that of u component.
Characteristics of eddy coherence and phase shift 4.2.1 Vertical coherence
The spatial correlation of turbulent eddies with frequency in the atmospheric boundary layer is represented by the coherence *(l, n) defined by (3.2). The characteristics of coherence in threedimensional space are clarified by using spectral analysis. First, the vertical features of coherence will be investigated.
As discussed in Section 3.1, we expect that the observed coherence is a function of non-dimensional frequency *=nz/U and accepts the similarity law of the atmospheric boundary layer as well as the power spectrum of turbulence. As- Fig. 3 Relation of R*(l3, *m) with z21/3-z11/3. Two curves fits observed values for u and w components.
suming that the coherence falls exponentially with n, the expressions (3.5) and (3.7) are applicable. Fig. 4 shows the vertical coherences, which are classified with the non-dimensional difference length l3/z, against the non-dimensional frequency *. Plotted values consist of 8 runs. In the measurement the mean wind speed was from 550 to 1,450cm/s and the height above the sea surface was from 290 to 900cm.
The observed coherence of each component can be satisfactorily regarded as a function of * although there is a little scatter of data. It can be mentioned that whether the coherence decays in the exponential form or not, it is a unique function of ponents can be done. Finally in the case of (c) (l3/z=0.15) those of all components can be done, and the decay for u component is the most rapid and for w component it is the slowest. This suggests that the correlation of turbulent eddies with frequency is the strongest for w component in higher frequencies. However the exponential approximation for * and w coherences is not satisfactory in the neighborhood of n=0 in the latter two cases.
The vertical coherence of air temperature is shown in Fig. 5 as a function of non-dimensional frequency as well as wind velocity. Plotted values consist of 9 runs and are classified in three categories of l3/z. In the measurement the mean wind speed was from 620 to 1,690cm/s and the height was from 290 to 1,020cm. All three groups of observed coherences can be seen to be well represented by a unique function of * from the figure. Thus the coherence of air temperature can be analyzed by using the approximation formulated for wind fluctuations by (3.5). This confirms the similarity law of the boundary layer according to the vertical coherences of wind vectors and air temperature. Empirical formulas can now be worked out from the observed coherence of each run. Analysis restricts to runs which can be applied to (3.5). First of all an exponential decay parameter *i3(i=0, 1, 2, 3; i=0 indicates temperature component) is obtained from each run by using exponential approximation. Fig. 6 shows the observed U*i3/z as a function of l3/z. Four straight lines in the figure approximate the observed values of each component. In the present experiment the observed coherence of w component is not always expressed by (3.5) in the extensive range of l3/z. Therefore its approximate line is assumed to have the same slope as that for u component. Both slopes of the lines for * and * components is equal to that for u component.
This means that with regard to the vertical coherence the functional relation written by (3.6) is established and the power pj of non-dimensional difference, that is, the slope of the approximate line, has the same value for all com- ponents of wind vector and air temperature. The figure also shows that the eddy correlation of air temperature fluctuations is stronger than that of u component but is weaker than that of * component.
From the experimental results, universal constants of formula (3.6) are evaluated by
Here the values of A23 and A33 are available for l3/z<0.8 and l3/z<0.4 respectively. A13 is not restricted.
In the previous experiment , on coherences for horizontal wind (Naito and Kondo, 1974) , a value of p3=1.26 was obtained, which is equal to the present slope, and of A13=25.2 The previous and present sensors are a three-cup anemometer and a sonic anemometer respectively and are different with respect to sensitivity to air flow. Therefore, both results of u component may be seen to be equivalent.
In the work of Davenport (1961) in gusty wind, of Ropelewski et al. (1973) 14.4*24.0) with variation of measured height. Pielke and Panofsky (1970) summarize the land data and give values of A13=19 and A23=14. Panofsky et al. (1974) give a value of A13=20 over the Lake Ontario.
For a special observation example, Brook (1975) the case of whether the ramp is associated or not. Accordingly the value of A03 is 12*2 and 19*5 for two regions respectively.
Vertical phase delay
Vertical phase spectrum *i3(l3, n) of turbulence is defined by (3.2). We expect that the phase spectrum is a function of non-dimensional frequency as well as the coherence. Fig. 7 shows the phase shifts, which are simultaneously obtained in the data handling of coherence and are classified with the non-dimensional difference length l3/z, against the non-dimensional frequency *. So the figure corresponds to Fig. 4 . The scatter of observed phases in the figure is not so large for each component, and the phase can be regarded as a function of *. But when l3/z is small (see Fig. 7(c) ), the phase shift *33(l3, n) of is almost equal to zero in the extensive frequency range, and its dependency on frequency is not clear well.
We note that the linear approximation of phase shift represented by (3.8) is applicable for three velocity components. This approximation is simple, but is not always satisfactory. Fig. 8 shows the vertical phase shift *03(l3, n) of air temperature against *. This figure corresponds to Fig. 5 in which observed values are classified in three categories of l3/z. We see that the scatter of plotted values is very small with regard to * for l3/z and *03(l3, n) can be well expressed as a function of *. Consequently the similarity law of the boundary layer is effective to the phase spectrum of air temperature.
As the similarity of phase spectrum has been mentioned, we shall acquire the empirical formula by using (3.8) and (3.9). Now Fig. 9 shows the non-dimensional gradient parameter Uci3/z of phase shift as a function of l3/z. ci3 is obtained from each run by using linear approximation. And dependency of Uc03/z on l3/z for air temperature is obviously different from that for wind vector. Therefore, the slope of the approximate line for air temperature is also different from that for wind vector. As mentioned above, the relations of phase spectrum with wind vector and with air temperature may be independent, and so universal constants of (3.9) are given individually.
For wind velocity component, l3 is small in the present observation, the decay time of air flow in the vertical direction is small and the scatter of observed values are relatively large. Thus accurate comparison of observed lag time with the estimated lag time is difficult. In particular, *m for w component has around 0.1sec and cannot be treated for comparison. However we can see in the figure that the observed values correspond linearly to the estimated values except for w component and the expression (4.10) is available for the estimate of delay time in the range of moderate l3/z.
Since the maximum delay time is deduced from (4.10), the vertical correlation coefficient can be expressed by using (3.3) as follows: Further we evaluate the lag time *m at which the vertical correlation coefficient R*(l3, *m) is given from the empirical expression of the phase spectrum.
Considering the relation (3.3) of the space correlation with the spectral representation, the lag time at the peak of the correlation function can be written by using the spectral form (3.10) as:
where Bi3 and q3 are given by experimental constants from (4.6) to (4.9). In the surface layer above the ocean, it seems that in near neutral air, We note that the correlation coefficient is given by the correlation which yields to the density distribution function in the frequency space and here that the normalized power spectrum is regarded as the distribution function. The observed vertical correlation coefficient is compared with the value computed by (4.11). Power spectra of wind vector are given by the experimental formulas of Naito (1978) 2 runs for w component. The conditions for the experiment were that non-dimensional difference l/z=0.31, U was from 650 to 1,350cm/s at z= 645cm, and the atmospheric stability |z/L|<0.1 As seen in the figure, observed coherences can be well represented by a unique function of * for 3 components of velocity although there is a little scatter. In other words, the similarity law of boundary layer is valid as well as in the vertical coherence. Moreover the observed coherences of u and * components can be approximately by an exponential function of * and are expected to be represented by the formula (3.5) with (3.7). Observed * (l, n) of w component do not approach the value of 1.0 for n*0 and cannot applied to the approximation (3.5). Moreover we do not have an appropriate technique of formulation with respect to such features of coherence. The figure also shows that the exponential decay of horizontal coherence with frequency for * component is slower than that for u component, that is, the correlation for * component is stronger than that for u component in the extensive frequency range. Fig. 13 shows observed examples of horizontal coherences of air temperature as a function of the correlation coefficient also is influenced by its character.
Thus it occasionally occurs that the observed coefficient for * component does not correspond very well with the value estimated by (4.11).
Horizontal coherence
Observed example of horizontal coherences of wind vectors is shown in Fig. 12 as a function of non-dimensional frequency. Plotted values consist of 2 runs for u and * components, and coherence is much stronger than the lateral coherence in the surface layer above the ocean.
There are few occasions when natural wind blows just along or just across the sensor-line during observations, and therefore we cannot always gather only the desirable data. An accepttable limit of deviation from the objective coordinate must be decided. In the present observation the limit for longitudinal direction is within * 5* and for lateral direction within *8*, considering the magnitude of correlations in both directions. Fig. 14 shows the observed non-dimensional decay parameter U*i2/z of lateral coherence as a function of l2/z as well as of vertical coherence. In this figure we have not plotted the observed values of w component, because the exponential approximation (3.5) is not applicable with respect to w component even in the minimum case of l2/z=0.31.
The three straight lines in the figure approximate observed values of each component and have the same slope together. Thus we may consider that the spectral behaviour of coherence is similar for all components of wind vector and air temperature.
Additionally the slope of the approximate line is equal to that for vertical coherence (see Fig. 6 ), and the intensity of coherence of air temperature is intermediate between those of u and * components as shown in the vertical coherence.
Generally the lateral coherence is found to be stronger than the vertical coherence, but both their features resemble with each other very well.
Constants of the empirical formula (3.6) give: Fig . 15 shows the observed non-dimensional decay parameter U*i1/z of longitudinal coherence as a function of l1/z. Since observed values for longitudinal coherence are more scattered than those for other coherences, we have unwillingly to give the value of 1.0 to the slope of an approximate straight line for each component. The range of l1/z in which the coherence is effective and the approximation (3.5) is available is limited for w component but is relatively extensive as shown in the figure compared with that of vertical coherence. The coherence of air temperature may be influenced by the complex mechanism of heat transport in the surface layer above the sea under high winds, and therefore its observed values are random and are scarecely available for large distances. Even in the case of effective coherence, the dependency on frequency is complex and a simple approximation such as the exponential function (3.5) cannot be worked out. Thus observed decay parameters for air temperature in the figure are limited over a short distance and are widely scattered.
We can obtain constants of empirical formula (3.6) from the approximate line as follows:
Now it is possible to express the empirical relation of horizontal coherence in an arbitrary direction besides the lateral or longitudinal direction, using the suggestions of Hino (1973) and Iwatani (1977 where j=h denotes the arbitrary horizontal direction, and l is the horizontal distance and * the angle between sensor-line and streamwise direction. Finally the empirical formula of horizontal coherence in an arbitrary direction can be obtained by substituting (4.21) in (3.7). Fig. 16 shows isopleths of space correlation parameter *ih(*-1n *ih(l, n)/*) are also plotted in the figure. The dashed curve in the figure (a) (for u component) is the isopleth of *ih=10 evaluated from the empirical form of Iwatani (1977) . Both isopleths for u and * components approach the lateral coordinate at a near perpendicular angle and approach the longitudinal coordinate at a small angle. Therefore the lateral correlation may be scarcely influenced by some deviation of wind direction from the just lateral coordinate, but the longitudinal correlation suffers remarkable variation in observed values caused by only a little deviation of wind direction. The standard deviation *A of wind direction can be given by the fluctuations of * component: *A(deg)=(180*/*)*(*/U). Using the result of intensity of * fluctuations reported by Naito (1978) , we estimated the value of *A= 3.4* under conditions of neutral and stationary air over the ocean. For land wind the intensity * /U is greater than for sea wind, so *A has a larger value than the above *A. There is an inconsistency: in spite of the impossibility of strict coincidence of wind direction with sensor-line, its uncertainty yields large errors in the observed values. In the figure observed values around the lateral coordinate fit very well with the isopleths for u and * components, but those around the longitudinal coordinate are scattered. This seems to be because the measurement in the case of large distances is much more difficult and the wind direction has the uncertainty as discussed above. Consequently we note that the longitudinal coherence is often underestimated.
The horizontal coherence of Iwatani (1977) agrees with our result for lateral direction but is smaller than our result for longitudinal direction (see Fig. 16(a) ). Other workers analyze the coherence under special conditions of p1=p2=1 in our formulation. Panofsky et al. (1974) give the values of A11=2*3 over the water surface, and those agree well with our observed value. Decay constants observed on land, summarized by Mizuno (1976) observed the longitudinal coherence of * components in the layer of some 100m above the ground and obtains the value of A31= 1.7. Phong-anant et al. (1981) obtain the values of A02=17*6 and 35*7 for frequencies with and without the ramp for temperature coherence.
Comparing those results with our present results over the ocean, we see that our decay parameters are reasonable and suitably represent the characteristic features of sea surface layer where the roughness is very small, although only the observed value of Kristensen and Jensen is too small, that is, the correlation is too strong.
Observed decay constants of longtudinal coherence are somewhat small. As discussed above, horizontal coherence is greatly influenced by the stationarity of wind vectors, and cannot be considered to have analogous features in the air flow over different boundaries. Therefore it is difficult to compare these results. Ropelewski et al. and Kristensen (1979) introduce the intensity of turbulence as the elementary factor which decides the behaviour of longitudinal coherence in frequency space. The scatter of longitudinal correlation is expected to be clarified by further experiments.
Scale of turbulent eddy
The estimate of turbulent eddy with frequency is done according to the integral scale of coherence function.
Here we define the scale of turbulence for wind vector and air temperature in 3-dimensional space by Thus from the vertical phase delay (3.10) and the scale (4.23) with observed constants we have for wind vector:
and for air temperature:
Note that the eddy slope is a function of * only. Now we shall obtain a typical model of turbulent eddy with the peak frequency of non-dimensional power spectrum density.
The non-dimensional peak frequencies are given by Naito (1978) and ( Pielke and Panofsky (1970) evaluate the eddy slope by the definition (4.26) and give the values of s1=0.2*1.5 for u component and of s2= 1.8*2.8 for * component in neutral air. On the other hand, Shiotani (1975) evaluates the eddy slope at the peak delay time of vertical correlation function by the formula modified from (4.26), and gives the value of s1=1.6 in the layer below a height of 50m and the smaller value in the higher layer beyond this height. We may conclude that the present eddy slope of velocity turbulence is almost equal to other results. The present eddy slope of thermal turbulence is remarkably large because of the very small peak frequency, but decreases rapidly with increasing * and, for example, has the value of s0=0.67 at *=0.1.
Conclusions
The turbulent structure of the surface boundary layer over the ocean has been estimated from fluctuating components of wind vector and air temperature by the method of evaluating the space correlation from simultaneously observed data at several locations in 3-dimensional space under near neutral conditions. Some important results obtained in the present study are as follows:
(1) The vertical profile of the vertical correlation coefficient of wind vector and air tempera- The horizontal coherence in an arbitrary direction is estimated by isopleths of space correlation parameter.
(4) The vertical phase spectra of wind vector and air temperature have been observed as well as the coherences. The empirical formula can be written as: q3=1.4 for wind vector, and B03=8.4, q3=1.9 for air temperature.
The above formula are applicable in the effective range of the coherence.
(5) The integral scale and the eddy slope of turbulent eddies with frequency are evaluated from the coherence and the vertical phase spectrum.
The integral scale at a given non-dimensional frequency increases in linear proportion to height, while the eddy slope does not depend on height. The lateral scale is nearly equal to the vertical scale at the peak of power spectrum for every component, and the longitudinal scale is about 10 times as large as the lateral scale for wind vector and about 7 times for air temperature. The eddy slope of * component is largest of those of all fluctuating components.
